I
n the field of clinical dental bone formation, various bone graft materials are used. These include allografts (e.g., demineralized freeze-dried bone allografts and freeze-dried bone allografts); xenografts, (e.g., bovine bone and coral); and alloplasts, (e.g., ceramics for biologic use, b-tricalcium phosphate [b-TCP] and hydroxyapatite). Three properties are required for an ideal bone graft material: 1) osteoconduction, which provides scaffolds for bone regeneration; 1 2) osteoinduction, which promotes the recruitment of bone-forming cells, such as undifferentiated cells and preosteoblasts, and formation of bone from these cells; 1,2 and 3) osteoproliferation, the induction of cells contained in the graft material to promote bone regeneration. 3 Allografts lack osteoproliferation, and xenografts and alloplasts only show osteoconduction. Because only autogenous bone exhibits all three properties, autogenous bone grafting is currently considered the best method. 4 The iliac bone is a frequently used autogenous bone and it is grafted into alveolar bone defects in most cases of cleft palate. 5 However, there are problems with autogenous bone grafting, such as risk of infection at the donor side, limited amount of available bone mass, and marked resorption of the grafted bone. 6, 7 Developmentally, most bones of the trunk and extremities, including the iliac bone, are formed by endochondral ossification, whereas the jaw and alveolar bones are formed by intramembranous ossification. 8 Using bone with a different ossification pattern from those of the jaw and alveolar bones as a graft material for jawbone reconstruction is a matter of concern. Donovan et al. 9 and Donos et al. 10 grafted iliac and cranial bones and investigated the graft bone resorption rate after 6 months. They observed that about twice as much iliac bone was resorbed compared with grafted cranial bone. Jaw and alveolar bones both differentiate from neural crest cells.
Vertebrates develop from three germ layers, ectoderm, mesoderm, and endoderm, and a type of tissue originating from neural tube fusion region, neural crest cells. This is called the fourth germ layer because of its importance. Neural crest-derived cells have been shown to exhibit multipotency and differentiate into mesodermal mesenchymal cells, despite being ectodermal. They show a high capacity for self-regeneration and persist in adult tissues. 11, 12 Tissues derived from the neural crest include the maxillofacial bones (excluding the occipital, sphenoid, temporal, and ethmoid bones); cartilage; teeth; and nerve and glial cells. 13, 14 Of these, teeth contain stem cells in the dental pulp, and it has been suggested that the dental pulp contains undifferentiated neural crest-derived cells. [15] [16] [17] Seo et al. 18 cultured stem cells isolated from dental pulp, grafted them into a defect prepared in the cranial bone, and observed hard tissue formation. In addition, dentin contains growth factors: insulin-like growth factor (IGF)-II, bone morphogenetic protein (BMP)-2, and transforming growth factor (TGF)-b. 19 Cementum contains TGF-b, IGF-I, and type I and III collagen. 20 Saygin et al. 21 suggested that the use of cementoblasts for periodontal tissue regeneration is worthwhile. Isaka et al. 22 reported that the periodontal ligament has the ability to regenerate bone, and Flores et al. 23 regenerated periodontal tissue using cultured periodontal ligament cells. The periodontal ligament also contains TGF-b, IGF-I, basic fibroblast growth factor, vascular endothelial growth factor, BMP-2, platelet-derived growth factor (PDGF), and type I collagen. 24 Furthermore, dentin and cementum contain proteins common to bone, such as osteopontin (OPN), bone sialoprotein (BSP), osteocalcin, dentin sialoprotein (DSP), dentin matrix protein-1 (DMP-1), type I collagen, osterix, and Cbfa1 (Runx2). These are reportedly involved in bone formation and resorption. 25, 26 Thus, we considered that teeth containing undifferentiated neural crest-derived cells, proteins involved in bone formation, and growth factors may be used as a bone graft material for jawbone formation.
Although there has been no study in which teeth were used as a bone graft material, tooth replacement by bone has been reported. In this previous case, osteoclast cells appeared in the pulp cavity after tooth reimplantation and the pulp was replaced by bone tissue, followed by root resorption and ankylosis. Finally, the whole root was integrated into the surrounding alveolar bone. [27] [28] [29] These reports show that the jawbone and teeth have a high level of affinity for each other.
Based on the previous information, we investigated the possibility of using teeth as a bone graft material for jawbone formation by comparing it to autogenous iliac bone grafts.
MATERIALS AND METHODS
Real-Time Polymerase Chain Reaction (PCR) RNA isolation. Tooth, iliac bone, and mandibular bone (control) were extirpated from 12-week-old male Wistar rats (350 to 400 g), and RNA was extracted from the tissue exposed to the RNA stabilizing treatment ‡ according to the manufacturer's protocol.
Reverse transcription. After the isolation of the RNA, a reverse transcriptase (RT) kit § was used to make cDNA. The mixture was composed of 13 ml of total RNA, 2 ml of random primers, 2 ml of deoxynucleotide triphosphate, 2 ml of buffer RT, and 1 ml of omniscript RT added to a final volume of 20 ml. The mixture was heated i for 60 minutes at 37°C.
Semiquantitative PCR. The cDNA from the RT reaction was used as a template in the PCR. We used four primers (P75, ¶ P0, # nestin,** and musashi-1 † † ). The PCR mixture was composed of 2 ml of sample cDNA, 1 ml of each primer, 7 ml of RNase-free water, and 10 ml of a gene expression mix ‡ ‡ for to a final volume of 20 ml. We performed real-time PCR § § for 50 cycles at 95°C for 15 seconds, 60°C for 1 minute followed by 50°C for 2 minutes, and 95°C for 10 minutes. We calculated the relative expression level by dividing the signal intensity of each gene by that of GAPDH. ii For quantification, a series of five-fold dilution standards and a negative control (RNase-free water) were run alongside the samples. ¶ ¶ Animals Sixty 12-week-old male Wistar rats were randomly divided into three groups of 20. Ten rats in each group were sacrificed at 6 weeks, and the remaining 10 at 8 weeks. The groups were as follows: group 1 (tooth group), tooth except enamel with b-TCP ## complex; group 2 (bone group), iliac bone with b-TCP complex (positive control); and group 3 (control group), no material (negative control). The Animal Research Committee of Showa University, Tokyo, Japan, approved all procedures.
Graft Material Preparation
All surgical procedures were performed under general anesthesia in sterile conditions. After inhalation of anesthesia with ethyl ether,*** general anesthesia was achieved with an intraperitoneal injection of pentobarbital sodium. † † † In the tooth group, a tooth was extracted on the side opposite to the area where the alveolar bone defect was made. The crown portions of the extracted teeth were removed with scissors, and the root portions of the remaining teeth were trimmed as closely as possible to 500 mm at once. Next, the trimmed tooth was mixed with a measured quantity of b-TCP. These grafts were prepared on ice. In the bone groups, the cancellous bone of the iliac bone was removed, granulated, and mixed with b-TCP. The graft material used in both groups was approximately 0.2 g. The ratio of the mixture of the transplant material and b-TCP was adjusted to 2:1.
Surgical Protocol
An incision was made in the palate, and a full-thickness flap was created exposing the alveolar bone. An alveolar bone defect, 2 mm in diameter, was made with a diamond bur. Subsequently, one of the two materials was grafted into each alveolar bone defect (the control group did not receive implantation of a graft material), and a resorbable bilayer collagen membrane ‡ ‡ ‡ was placed over the bone defect in all the groups. All the graft materials were transplanted to the defect within 30 minutes after extirpation. The flap was repositioned and sutured tightly with resorbable sutures, § § § covering the bone defect.
Post-surgical Care
All the rats received antibiotics (penicillin G potassium, 200,000 units iii ) intramuscularly daily for 3 days after surgery. The rats were fed a soft diet ¶ ¶ ¶ for 2 weeks to reduce any potential mechanical damage.
Microcomputed Tomography (m-CT) Observations m-CT ### was used to observe new bone formation. Images were acquired immediately after surgery and at 6 and 8 weeks. We confirmed the maxillary-bone form of an intact rat by a pilot experiment.
Histologic Procedures
Animals were euthanized 6 and 8 weeks after surgery with an overdose of ethyl ether. All defects in the groups were dissected along with the surrounding soft and hard tissues. Block sections were fixed with 4% paraformaldehyde, decalcified**** for 2 days, neutralized with 5% sodium sulfate anhydrous, and then embedded in paraffin. Sections were cut, deparaffinized, and stained with hematoxylin and eosin (H&E). We confirmed the maxillary-bone form of an intact rat by a pilot experiment in the tissue section.
Immunohistochemical Procedures Sections (7 mm) were cut, mounted on slides, deparaffinized, and incubated with anti-OPN antibody † † † † and anti-DSP antibody ‡ ‡ ‡ ‡ at appropriate dilutions. Specimens to be reacted with anti-DSP antibody were pretreated by using the activator § § § § for 10 minutes.
RESULTS

Real-Time PCR
Real-time PCR results for the expressions of P75, P0, nestin, and musashi-1 in the tooth, iliac bone, and mandibular bone (control) were quantitatively determined (Fig. 1) . The expressions of all four genes were significantly higher in the tooth than in the mandibular bone and iliac bone graft material. In the iliac bone, the expressions of all four genes were insignificant.
Clinical Observations
Wound healing was uneventful. Six weeks after surgery, the wounds of the tooth, bone, and control groups appeared to be similar. No material exposure or intense inflammatory reactions were observed during the healing period.
m-CT Observations
The absorption of grafted materials and the formation of new bone with time in both the tooth and bone groups were confirmed with m-CT (Figs. 2 and 3 ). In the bone group, new bone formation exceeding the defective bone region was noted 6 weeks after surgery, but marked resorption of the new bone occurred at 8 weeks. In the tooth group, new bone formation filled the bone defect at 6 weeks, and the new bone was retained at 8 weeks. Little new bone formation was noted in the control group at 8 weeks.
Histologic Observations
In the tooth group, slight inflammatory reactions were noted around the defects at 6 weeks, but new bone formation was confirmed in the defects. In the bone group, slight inflammatory reactions were similarly shown. The volume of new bone formation exceeded the defective bone region at 6 weeks. Furthermore, a large amount of bone marrow was formed compared to the tooth group. In the control group, little new bone was formed at either 6 or 8 weeks. No signs of inflammation were observed in any defects 8 weeks after surgery. New bone resorption at 8 weeks was marked compared to that at 6 weeks in the bone group. In contrast, new bone mostly filled the defects at 8 weeks in the tooth group (Fig. 4) .
Immunohistochemical Observations
In the surroundings of the newly formed bone in both the tooth and bone groups at 6 and 8 weeks, OPN was more widely expressed. In the control group, there was little expression of OPN at both 6 and 8 weeks. DSP was expressed in the tooth fragment graft. In the bone defect, the expression was positive at 6 weeks, but hardly expressed at 8 weeks (Figs. 5 and 6).
DISCUSSION
We investigated the usefulness of teeth as a bone graft material for jawbone formation by comparing grafts done with teeth and autogenous iliac bone.
The treatment of defects made in the cranial bone of rats using graft materials has been reported. 18, 30 However, it has been reported that some parts of the cranial bone are derived from developmentally different cells. Yoshida et al. 13 reported that the frontal bone is derived from neural crest cells, whereas the temporal bone is derived from the mesoderm. In accordance with Park et al., 31 we used the jawbone for the graft bed.
We determined the evaluation times for m-CT and histologic examination at 6 and 8 weeks after grafting based on Expressions of P75 (A), P0 (B), Nestin (C), and Musashi-1 (D) in tooth, iliac bone, and ungrafted control (mandibular bone). Twenty 12-week-old male Wistar rats were randomly divided into four groups of five rats each. All the expressions of four genes were significantly higher in tooth than in mandibular bone and iliac bone. the healing process of rat jawbone tissue, as reported by Schmitz et al. 32 and Hyun et al. 33 Shapoff et al. 34 reported that the particle size of graft materials influenced later bone formation. Bhaskar et al. 35 reported that the ideal particle size of bone graft materials is 500 mm and that the between-particle distance is 150 mm. These sizes were recommended because resorption requires a prolonged time if the particle size is too large, and particles are resorbed before they are able to function as a graft material if the size is too small. The retention of blood clots is difficult when the between-particle distance is too large, whereas blood vessels cannot readily enter the material when the distance is too small. 36 Because it was difficult to prepare particles with a homogeneous size from autogenous tissues, we added b-TCP to reduce the difference in the between-particle distance between the iliac bone grafts and extracted tooth grafts.
Enamel, an epithelial tissue, was completely removed from the teeth used for bone graft material. The remainder of the teeth including the dentin, cementum, pulp, and periodontal ligament were ground and immediately used for grafting.
Gene expressions of P75, P0, nestin, and musashi-1 were significantly higher in the tooth group than in mandibular and iliac bone groups using real-time PCR. P75 and P0 have been recently described as neural crest cell markers. P75 is the founding member of the tumor necrosis factor receptor superfamily. This family of receptors is distinguished by multiple cysteine-rich domains for ligand binding, a single transmembrane sequence, and a non-catalytic cytoplasmic domain. The P75 receptor is recognized by all the neurotrophins, which promote differentiation, growth, and survival of diverse cell types in the nervous system. 37 P0 is a cell-adhesion molecule of the immunoglobulin superfamily and is the main constituent of myelin sheaths in the peripheral nerve system. 38 Nestin and musashi-1 are marker proteins of central nervous stem cells. Nestin is an intermediate filament transiently expressed during neural ontogeny. In development, it is expressed first by neuroepithelial cells and radial glia, and later by progenitor cells of the ventricular zone (during the embryonic stage) and the nascent ependyma/subependyma (during the postnatal stage). 39 Musashi-1 is an RNA-binding protein, and its gene was formerly reported as another candidate marker gene for intestinal stem cells. Its molecular function has been determined as translational repression of target genes, such as m-Numb, a negative regulator of Notch signaling. 40 All genes were expressed at the highest levels in the tooth group followed by mandibular bone and iliac bone groups, but gene expressions were very low in the iliac bone, showing that the extracted tooth contained numerous undifferentiated neural crest-derived cells compared to the other tissues. Therefore, the extracted tooth graft seems to be more advantageous than grafts of the jawbone or the iliac bone.
Histology and m-CT showed that new bone was formed and replaced with time (at 6 and 8 weeks) after extracted tooth grafting and that the dentin was incorporated into the new bone. In the iliac bone group, new bone was formed, and marked formation of the bone marrow structure in the new bone was noted. We prepared specimens from intact rats and observed the alveolar bone structure in the region corresponding to the bone-defective region. No bone marrow structure was present in the intact rat upper alveolar bone. Akintoye et al. 41 reported that the properties of bone marrow stromal cells of the iliac bone are different from those of the maxilla and mandible, and bone marrow structure formation was marked when the iliac bone was grafted compared to that after jawbone grafting, because the iliac bone contains more red marrow. Histology of bone regeneration 6 and 8 weeks after grafting. A through F) Tooth graft (H&E, original magnification ·25, ·100, ·200, ·25, ·100, and ·200, respectively). G through I) Iliac bone graft (H&E, original magnification ·25, ·100, ·200, ·25, ·100, and ·200, respectively). M through R) Control (no graft) (H&E, original magnification ·25, ·100, ·200, ·25, ·100, and ·200, respectively). T = tooth; AB = alveolar bone; NB = new bone; dotted line = bone defect; blue arrowhead = b-TCP; black dotted arrowhead = collagen membrane; black scale bar = 100 mm; blue scale bar = 25 mm.
Moreover, on m-CT and histologic investigation, new bone and bone marrow structure formation was marked 6 weeks after iliac bone grafting, but the bone marrow structure had contracted at 8 weeks. Furthermore, resorption of newly formed bone was greater at 8 weeks than at 6 weeks. Resorption of new formed bone after iliac bone grafting was marked compared to tooth grafting, showing that the iliac bone induced new bone earlier. However, a large amount of the new bone was subsequently resorbed, resulting in similar new bone mass to that formed by tooth grafting at 8 weeks. This was consistent with that reported by Donos et al. 10 after iliac bone grafting. A typical rat from each treatment group is shown in Figures 1  through 6 . All rats within each experimental group exhibited similar trends by histology and m-CT analyses. We used a membrane because it is often used in cases of clinical bone repair. However, the use of a foreign body membrane may not be fully advantageous for wound healing, because it compromises the periosteum, an important provider of osteogenic cells in the bone formation process.
OPN promotes the early differentiation of osteoblasts, their adhesion to bone, and bone formation. It also promotes bone resorption by promoting the adhesion of osteoclasts to the bone surface. 42, 43 On immunohistochemical staining with anti-OPN antibody, OPN was clearly expressed in both iliac bone and tooth grafts at 6 and 8 weeks, suggesting active new bone formation. In the control group, only a few expressions were detected at 6 and 8 weeks. We believe that the hard tissue formed within the defective area in the tooth group were not tooth fragments but the osseous tissue formed with remodeling of bone.
DSP is a dentin-specific non-collagenous protein involved in the calcification of dentin. It is similar to sialoproteins, such as OPN, BSP, and DMP-1, and its presence in bone has been shown, although at a very low level. 44, 45 The precursor protein of DSP, dentin sialophosphoprotein, is known to be involved with bone calcification. 46 On immunohistochemical staining with anti-DSP antibody, the positive reaction was localized to the dentin of the extracted tooth fragments incorporated into the new bone at 6 weeks, suggesting that dentin has a high affinity for and marked osteoconductive effect on jawbone. The DSP-positive area narrowed at 8 weeks. It was clarified that mechanisms of resorption for biodegradable and osteoinductive materials include the initial resorption of the material after transplantation and the subsequent ingrowth of new bone into the resorbed regions. In terms of DSP-positive areas, the possibility for granules of teeth to be resorbed with the time passage and to be substituted with osseous tissue was also clarified because the DSP-positive areas decreased from 6 weeks to 8 weeks.
Teeth contain dentin, dental pulp, cementum, and the periodontal ligament. Ike and Urist 47 performed a bone regeneration experiment using recombinant human BMP-2, in which the use of decalcified dried dentin for scaffolding resulted in new bone formation. Dentin contains growth factors, such as IGF-II, BMP-2, and TGF-b, similar to bone. 20 Saygin et al. 21 reported that in cementum, cementoblasts contain TGF-b, IGF-I, and PDGF-BB. The periodontal ligament also contains TGF-b, IGF-I, basic fibroblast growth factor, vascular endothelial growth factor, BMP-2, PDGF, and type I collagen. 24 
Figure 5.
Comparison of immunohistochemical observation for OPN. A and B) Tooth graft; C and D) Iliac bone graft; E and F) Control (no graft). T = tooth; AB = alveolar bone; NB = new bone; arrowheads = b-TCP; blue scale bar = 25 mm (H&E, original magnification · 100).
Many proteins are common to bone, dentin, and cementum. In addition to OPN and DSP, BSP, osteocalcin, DMP-1, type I collagen, osterix, and Runx2 are common, and these proteins are reportedly involved in bone formation and resorption. 48 Therefore, many constituents of teeth are proteins or growth factors involved in bone formation.
In a clinical setting, teeth from areas in which there is potential infection cannot be used. In particular, it is necessary to avoid the use of teeth with an infected root canal, root side caries, or an inflammation and a cyst in the surrounding periodontal tissue. It is thought that it is necessary to remove the enamel, caries, or the part with the infectious risk completely before a tooth is extracted for this purpose.
CONCLUSION
The results of this study suggest that material made from extracted teeth may have potential as a bone graft material for jawbone formation, because it is highly predictable and shows less resorption after grafting.
